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of Chemistry Sulfur-containing anions (e.g. thiolates, polysulfides) readily exchange in solution, making control over their
solution speciation and distribution challenging. Here, we demonstrate that different redox-inactive alkali,
alkaline earth, and transition metals (Li*, Na™, K*, Mg?*, Ca®*, Zn?*, and Cd?*) shift the equilibria of sulfur
catenation or sulfur reduction/oxidation between thiolate, polysulfanide, and polysulfide anions in
acetonitrile solution. The thermodynamic factors that govern these equilibria are examined by

identification of intermediate metal thiolate and metal polysulfide species using a combination of NMR
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Introduction

The solution chemistry of sulfur and sulfur-containing organic
compounds (e.g. thiols, organic disulfides, etc.) is critically
important in several disparate areas. For example, in energy
storage technologies like Li-S batteries, the exchange and
diffusion of soluble polysulfide anions formed upon Sg reduc-
tion at the cathode has been a major challenge.® Polysulfide
anions have also been invoked in C-S bond-forming reactions
in the synthesis of pharmacologically-relevant sulfur-containing
organic molecules.>” Lastly, reduction of elemental sulfur by
amines has been demonstrated to form relevant precursors in
the inorganic synthesis of metal chalcogenide semiconductor
nanomaterials.®’

A major challenge for mechanistic understanding in each of
these research areas is the complex nature of sulfur speciation.
Chalcogens other than oxygen (e.g. sulfur, selenium, tellurium)
readily form extended o-bonded chains by catenation, an
example of which is the reaction of S*>~ with zerovalent sulfur
(s°) in the form of Sg to form a distribution of polysulfide dia-
nions (eqn (1)).* In a related reaction, disulfanide anions
formed from S° catenation with benzenethiolate and benzylth-
iolate have been characterized by single crystal X-ray diffraction
(XRD) studies (eqn (2)).>™*

ST+ S =87 (x=29) (1)
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thiolate oxidation potentials. DFT calculations suggest that the changes in equilibria are driven by
stronger covalent interactions between polysulfide anions and more highly charged cations.

RS™ + Sg = RS, (x = 1, R = alkyl or aryl) (2)

At the same time, oxidation and reduction of sulfur
compounds occur at relatively mild potentials. For example, Sg
reduction forms polysulfide anions of different lengths (eqn (3)
and (4)). Organosulfur compounds with electron-rich sulfur
centers react similarly; thiolate anions are readily oxidized to
the corresponding organic disulfide compounds (eqn (5)). Since
sulfur catenation and redox reactions occur under similar
conditions, it can be difficult to characterize or control the
solution distribution of both inorganic and organic sulfur
products, despite the importance of these equilibria in deter-
mining their final reactivity and outcome in their applications.

Sg+2e” — Sg7~ (3)
Sg?~ +2e — 28,77 (4)
2RS™ — RSSR + 2e™ (R = alkyl, aryl) (5)

Metal ions can interact strongly with sulfur-containing
anions, for example in transition-metal-stabilized polysulfide
complexes.”>*® Polysulfide and disulfanide anions have also
been crystallographically characterized with Li-S and K-S
interactions, respectively.'®"” Lewis-acidic interactions between
sulfur and metal cations or with B(C¢Fs); have also been
demonstrated to shift the reduction potentials of elemental
sulfur.’®*® Despite evidence for metal ion influence in reduced
sulfur speciation provided by these reports, the factors gov-
erning the influence of metal ions on sulfur catenation vs.
reduction to polysulfide anions remain unclear. Although metal
ion effects on the electrochemistry of Sg have been investigated
between the alkali metal ions'® and between Li* and Mg>*,2**
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a systematic study of these effects with a wider range of metal
cations under the same conditions has not yet been performed.
Cation effects on polysulfanide anions has not yet been studied
in detail.

Here, we combine NMR and electronic absorption spec-
troscopy with electrochemical studies and DFT calculations to
investigate how redox-inactive metal cations affect the solution
speciation of reduced sulfur compounds. Non-coordinating and
alkali cations (Et,N", tetrabutylammonium [TBA"], Li", Na", K*)
favor sulfur catenation to thiolates to form disulfanide and
polysulfanide anions. In contrast, alkaline earth (Mg>*, Ca®")
and redox-inert d-block metal cations (zn**, Cd*") shift the
equilibria of the same mixtures to favor Sg reduction to metal
polysulfides and thiolate oxidation to organic disulfides. These
processes appear to be dictated by stronger metal-sulfur cova-
lency between the polysulfide anions and more highly charged
metal ions, rather than by modulation of the electrochemical
potentials. Implications for energy storage are discussed.

Results and analysis

Metal cations shift thiolate/polysulfanide/disulfide equilibria

Addition of Sg (1 S atom equiv.) to a CD;CN solution of [Et,N][p-
tolS] ([Et,N][1™¢]) forms a green mixture. The 'H NMR spectrum
of this solution shows the formation of a new p-tolyl-containing
major product ([2M¢]”, 45% NMR conversion, Fig. 2 top). Based
on a previous report by Chen and co-workers® and in conjunc-
tion with negative ion mode electrospray ionization mass
spectrometry (ESI-MS) data (Fig. S511), [2M€] ™ is assigned as the
p-tolyl disulfanide anion, p-tolSS™ (Scheme 1). Resonances
corresponding to higher order arylpolysulfanide anions (p-
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Fig. 1 (A) Electronic absorption spectra of CH3CN solutions of [1R]~
(2.30 x 107* M) treated with Sg (1 S atom equiv.). (B) Negative log of
[Ss'7] calculated from Agiz nm (ref. %) plotted against Hammett o
parameter of R.
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Fig. 2 H NMR spectra of CDsCN solutions of [Et;N][1"®] and Sg (1 S
atom equiv.) with added alkali or alkaline earth metal triflates. Peak
features corresponding to [1M¢]~ (blue), [2M°]~ (red), and higher-order
arylpolysulfanide species (green) are indicated. For Mg(OTf), and
Ca(OTf),, the broad chemical resonances match those of 3Me.

R
= /©/ — 05 /@/S\s +82
R

= 1,127 3R

sog

1R
R=Me, H, F, Cl, CF4
Scheme 1 Substituted benzenethiolate anions ([1%] ") catenate with Sg

(here abbreviated as S for 1/8 Sg) to form disulfanide ([2%]7) anions,
polysulfanide anions, and diaryl disulfides (3).

tolS,, x = 3) are also observed in the NMR spectrum (ca. 25%
collectively). Addition of more Sg to the mixture results in
greater conversion to [2M°]”, as well as formation of di(p-tolyl)
disulfide (3™¢). Electronic absorption spectroscopy of this
mixture indicates the formation of S;3"~ (Anax = 611 nm) and
other polysulfide anions (S,>”); these anions give rise to the
green color of the mixture.”” Scheme 1 shows the exchange of
these reduced sulfur species.

CD;CN mixtures of Sg (1 S atom equiv.) with tetraethy-
lammonium salts of other p-substituted benzenethiolate anions
([Et,N][1¥], R = Cl, F, CF;) exhibit substituent-dependent
behavior. The "H NMR spectra of mixtures prepared with [1¥]~
and [1']" show a mixture of products with significantly
broadened resonances, while the [1°**]” reaction mixture
shows only one broad set of signals that are shifted from those
of the starting benzenethiolate anion (Fig. $21-S23t). We were
unable to quantitatively compare the polysulfanide anion
speciation of these mixtures; while basicity of the thiolate may
affect S° catenation to form the corresponding [2¥]™ anions, the
broadness of the resonances may also indicate that more
electron-poor thiolates exhibit different rates of sulfur
exchange.

Chem. Sci., 2024, 15, 7332-7341 | 7333
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These acetonitrile solutions of [1%]” and Sg exhibit
substituent-dependent colors; while the [1™¢]™ and Sg mixture is
green, that of [1°%*]” and S; is red. As such, although the 'H
NMR data do not provide a quantitative assessment of relative
benzenethiolate/polysulfanide  concentrations, absorption
spectroscopy quantified the concentration of S;*~ formed in
these mixtures (Fig. 1A).** Fig. 1B plots [S;° | against the
Hammett ¢ parameter of the para-substituent on the benzene-
thiolate anion. An increase in the ¢ parameter is correlated to
decreasing benzenethiol pK, (4-CHj;: 9.3, 4-F: 8.1, 4-Cl: 7.8 in 3:
1 acetone/water at 27 °C).>* This correlation indicates that more
electron-rich thiolate anions more readily reduce zerovalent
sulfur to polysulfide anions. Thus, the equilibrium reaction
shown in Scheme 1 lies further to the right.

Fig. 2 shows the "H NMR spectra of CD;CN mixtures of [Et,N]
[1™°] and Sg (1 S atom equiv.) upon addition of alkali metal
triflate salts (MOTf, M" = Li*, Na*, and K'). Compared with the
mixtures with only Et,N" as the counter-cation, the spectra for
mixtures with added alkali metal ions showed no change in the
distribution of [1™€]", [2™¢]", and higher p-tolS,  species,
although the "H NMR resonances broadened with increasing
metal triflate concentration (FWHM ~ 12 to 36 Hz). This
broadening may indicate faster exchange between reduced
sulfur species in solution on the NMR time scale, although the
chemical shifts of the resonances shift only minimally (<0.01
ppm). Increasing the amount of LiOTf added to 10 equiv. results
only in slightly more broadening of the reaction mixture 'H
NMR peaks (Fig. S337). This broadening in the spectra is related
to sulfur exchange, as addition of LiOTf (1 equiv.) to a solution
of [1™¢]” in CD;CN results in minor downfield shifts in the
signals (0.02-0.08 ppm), which remain well-defined (Fig. S287).
"H NMR spectroscopy of a solution of [Et,N][1%], 1 equiv. S,
and 0.5 equiv. LiOTf in CD3CN cooled to 260 K permits reso-
lution of the broadened NMR features corresponding to p-tolS;™
and p-tolS,” (Fig. S341). ESI-MS of the mixture with added LiOTf
(1 equiv.) shows a similar distribution of [1™¢]", [2M¢]", and
higher order polysulfanide products (m/z = 123.0350, 155.0030,
186.9765, 218.9491, Fig. S527).

Fig. 2 also shows that when the same CD;CN mixtures of
[Et,N][1M€] of Sg are instead treated with alkaline earth metal
triflate salts [M(OTf),, M** = Mg**, Ca*'], the '"H NMR reso-
nances of the aromatic and benzylic protons gradually shift with
increasing [M(OTf),], approaching the chemical shifts of inde-
pendently prepared di-p-tolyl disulfide [(p-tolS),, 3%¢] at higher
metal ion concentrations (ca. 0.5 equiv.).

Fig. 3A plots the room temperature electronic absorption
spectrum of a CH;CN solution of [Et,N][1™¢] (77 uM) and Sg (1 S
atom equiv.). As described above, a broad absorbance band is
observed (Amax = 611 nm) that corresponds to S;*~. The
absorption feature at 304 nm is also slightly red-shifted from
the absorption spectrum of only [1™¢]™ and exhibits a lower-
energy shoulder (Fig. S58t1), consistent with previously re-
ported delocalization of the negative charge of the phenyl-
disulfanide anion and TD-DFT calculations (Fig. S891).° When
increasing amounts of LiOTf (0 to 1 equiv.) are added to this
solution, the band at 611 nm bleaches (Fig. 3B, ca. 44% at 1
equiv. LiOTf) and the band at 307 nm corresponding to [2™€]~
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Fig. 3 Electronic absorption spectra of a CHzCN mixture of [Et4N]
[1Me] and Sg (1 S atom equiv.) treated with 1 equiv. LIOTf, showing
absorbance decreases at (A) 304 nm (7.67 x 107> M [1™°]7) and (B)
611 nm (2.30 x 10~* M [1M€]7). (C) Electronic absorption spectra of
a CH3CN mixture of [Et,N][1M®] (7.67 x 107> M) and Sg (1 S atom equiv.)
treated with Mg(OTf), (1 equiv.). (D) Absorbances at 304 nm of
a CHsCN mixture of [Et;N][1M®] (7.67 x 107> M) and Sg (1 S atom equiv.)
treated with 1 equiv. cation (group 1 as circles, where red: Li*, green:
Na*, blue: K*; group 2 as squares, where red: Mg?*, green: Ca®*; group
12 as diamonds, where orange: Zn®*, purple: Cd?").

also decreases in intensity (ca. 15% at 1 equiv. LiOTf). Similar
absorption bleaches are observed when the same mixture of
[1™€]” and S; is instead treated with 1 equiv. NaOTf (40% S;"~,
16% [2M€]7) or KOTf (27% S;°, 16% [2™€], Fig. S60 and S617).

The electronic absorption spectra of acetonitrile mixtures of
[1™€]” and S, with addition of Mg(OTf), or Ca(OTf), show that
the features corresponding to S;"~ (A = 611 nm) and [2M¢]” (A =
304 nm) are bleached and a new absorbance at 243 nm is
observed (Fig. 3C for M** = Mg”*). This new band corresponds
to the formation of the disulfide compound 3M® (Fig. S571). This
bleaching occurs with an increased response to metal triflate
concentration compared with the same experiments using the
alkali metal triflate salts (Fig. 3D). At higher concentrations of
Mg>" or Ca®* (>0.5 equiv.), solid material precipitates. Based on
previous literature that reports the much lower solubility of
Mg>" polysulfides as compared with those of Li*>* we initially
hypothesized that these solids are Mg and Ca polysulfide
species. However, powder X-ray diffraction (PXRD) analysis does
not match any known MgS or CaS compounds, nor indepen-
dently prepared mixtures of metal cation and thiolate
(Fig. S867).

As a control experiment, CD;CN solutions of [Et,N][1™¢] were
treated with the metal triflate salts with no added Sg in order to
compare only metal-S(thiolate) interactions. Unlike LiOTf
(described above), addition of Mg(OTf), or Ca(OTf), to solutions
of [Et,N][1™¢] results in significant broadening and downfield
shifts (ca. 0.11-0.30 ppm for Mg>") of the aromatic 'H NMR
resonances (Fig. S277). These shifts of the NMR resonances are
consistent with stronger association of thiolate anion to these
divalent cations. Absorbance spectroscopy data supports this
hypothesis, as a solution of [1™°]>~ in CH;CN treated with 0-1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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equiv. Mg** shows consumption of starting thiolate features
and growth of absorbances likely corresponding to Mg thiolate
species (Fig. S627).

In a second control experiment, CH3;CN solutions of
[TBAJ,[Se] were treated with the same metal triflate salts, with
no added benzenethiolate. S¢>~ is in dynamic exchange with
S;"7, favoring the radical at dilute concentrations, and
consumption of the polysulfide anions can be monitored by
measurement of the absorption feature at 611 nm. Addition of
LiOTf (1 equiv.) results in an 89% decrease in [S;"~|. Addition of
NaOTf and KOTf resulted in 64% and 71% consumption,
respectively. As expected, treatment with Mg(OTf), and Ca(OTf),
(0.5 equiv.) of the same solution results in near-quantitative
consumption of polysulfide (Fig. S70 and S717).

For the experiments discussed above and below, we chose
acetonitrile as the solvent for its ability to solubilize each of the
components, including the metal triflate salts, metal thiolate/
polysulfide complexes, and the tetraethylammonium arenethio-
late salts. The use of less coordinating solvents such as ethers was
challenging due to the low solubility of non-lithium-containing
metal salts. Halogenated solvents (e.g., chloroform) showed
similar poor solubilization of the metal salts and also underwent
nucleophilic substitution reactions with the thiolate anions.

Taken together, these data show that the interactions
between metal cations and both thiolate or polysulfide anions
for the divalent alkaline earth metals are strong, but are weaker
for the alkali metals, with no apparent dependence on metal ion
size. The stronger metal-polysulfide interactions of Mg>* and
Ca®" drive the equilibria shown in Scheme 1 forward, favoring
the formation of polysulfide anions and organic disulfides
(sulfur redox) and disfavoring polysulfanide anions (sulfur
catenation).

Transition metal effects on reduced sulfur species equilibria

The "H NMR spectrum of a CD;CN solution of [Et;N][1™¢] and
Sg (1 S atom equiv.) with added Zn(OTf), (1 equiv.) shows two p-
tolyl-containing species in addition to 3™, but no [1™¢]” or
[2™€]". These new species were identified as the tetra(4-
methylbenzenethiolato)zincate dianion [(p-tolS),Zn]*~
([4™]7) and the di(4-methylbenzenethiolato)zinc(nm) poly-
sulfide dianion, [(p-tolS),ZnS,]*~ (x = 4-6, [5™¢]*7). Analogous
benzenethiolate-supported zinc complexes [(PhS),ZnS,]*~
([5"1>") and [(PhS),ZnS5]*~ ([4"]*") have been previously re-
ported by Coucouvanis and co-workers and synthesized by
treatment of [(PhS),Zn]>~ with BnSSSBn.*> This reaction was
presumed to proceed via benzenethiolate oxidation to PhSSPh,
along with sulfur reduction to polysulfide anions (Scheme 2). To
confirm these assignments and further study their reactions
with Sg, a series of analogous tetraethylammonium zinc tetra-
thiolate salts ([Et,N],[4%], R = Me, Cl, F, CF;) with para-
substituted benzenethiolate ligands was synthesized and char-
acterized by NMR spectroscopy, combustion analysis, and, in
the case of [Et,N],[4™¢], ESI-MS and XRD.

"H NMR spectroscopy of mixtures of [Et,N],[4"] with addi-
tional Sg (8 S atom equiv.) under the same conditions shows
only NMR resonances corresponding to 3¢ and Et,N,

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Se? S
IF 2ArS I I S2ArS I
4 ‘g
2- g Sg _ 8 98
At .SAr_l o S W - ArSSAr
(Sy) (8%
/ NSAr 4 PPhy ArS 4 PPh;
ArS -4 PhsP=S r -4 PhyP=S x=4-6
x=4-6
[4R2- 5/ 67

ArS = 4-R-CeHsS
R = Me, F, Cl, CF;

Scheme 2 Formation of zinc polysulfide products [58]2~ and [6]%>~ via
reduction of elemental sulfur by zinc thiolate or via substitution of
thiolate by polysulfide anion.
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Fig. 4 H NMR spectra of a CDsCN solution of [4M®]?~ with increasing
added Sg. Peaks assigned to [5M€]2~ are marked with asterisks.

consistent with complete oxidation of thiolate and formation of
the bis(polysulfido)zincate species [6]*~ (Scheme 2). The bis(-
tetrasulfido)zincate anion has been previously reported forma-
tion upon treatment of [4"]>~ with BnSSSBn,> while the
bis(hexasulfido)zincate dianion has also been reported under
other conditions.” These different polysulfide nuclearities
likely exchange in solution with free Sg under our reaction
conditions. Fig. 4 shows the "H NMR spectra of a CD;CN solu-
tion of [4M¢]>~ treated with increasing amounts of Sg to form
[5™¢]*~, [6]*7, and 3™°. ESI-MS of solutions of [4M°]*~ treated
with 6/8 and 1 equiv. Sg revealed the expected progression of
starting material consumption to form increasing amounts of
[5™€]*~ and [6])* (Fig. S54 and S557).

The thiolate-supported zinc polysulfide complex [Et,N],[5"]
has previously been characterized only by combustion analysis
and PXRD."> While we were unable to grow X-ray-quality single
crystals to confirm the assignment of [5™°]*~, ESI-MS data are
consistent with the assignment of [5™]>~ as a dithiolate zinc
complex with bound polysulfide dianion chelate. The mass
spectrum of a CH;CN solution of [Et,N],[4™¢] shows signals at
123.0268 and 432.9922 m/z that correspond to p-tolS™ and [Zn(p-
tolS);]” fragments. We note that the bimetallic, hexathiolate
dimer [Zn,(SPh)s]>~ has been reported® and that the p-tolyl
analogue may be forming under ionizing conditions and would
be detected at the same m/z value. Similarly, the mass spectrum
of a CH;CN solution of [Et,;N],[5™] shows signals at 123.0334,
218.9330, 250.9061, 284.8675, and 314.8485 m/z, corresponding
to [1™€]” and a mixture of [Zn(p-tolS)(S,)]” (x = 4-5).

Chem. Sci., 2024, 15, 7332-7341 | 7335
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Diffusion ordered spectroscopy (DOSY) NMR experiments
were performed to explore the metal ion-sulfur speciation in
CD;CN. The diffusion coefficients (and corresponding hydro-
dynamic radius, Ry) are similar for [Et,N][2™] before and after
added LiOTf (2.10 x 10~ ° and 2.02 x 10~ ° m” s, respectively),
supporting the idea of weak interactions and the monomeric
nature of the disulfanide anion. In comparison, DOSY of the
zinc complex anions [Et;N],[5™¢] and [Et,N],[4™¢] shows
smaller diffusion constants (1.26 x 10" ° and 9.84 x 10 *° m?
s, respectively), consistent with the larger expected size of the
metal complexes. Estimation of Ry and of the formula weight
using the Stokes-Einstein-Gierer-Wirtz model show sizes that
are consistent with the monometallic zincate anions shown in
Scheme 2 rather than larger multimetallic clusters (Table
S1t).>”*% However, we are unable to use this method to assign
the specific polysulfide nuclearity of [5M]*".

Our assignment of [5™]*~ and [6]*~ featuring multiple poly-
sulfide nuclearities is supported by reported '>*Cd NMR spectra
of DMF solutions of [PPh,],[Cd(Se),], in which several resonances
are observed.® We synthesized the Cd®" congener of [4™¢]~,
[Cd(p-tolS),*". The Cd NMR spectrum of this complex
in DMSO-d,; shows a resonance at 6 581 ppm, consistent with
the previously reported chemical shift at ¢ 589 ppm for
[CA(SPh),]*”.* Similar to [4™]*, 'H NMR spectra of
[Cd(p-tolS),]*~ treated with 6 and 12 S atom equiv. of Sg results in
increasing formation of 3M° (Fig. $257). Unlike the zinc congener,
which forms an intermediate species [5M°]*~, downfield shifts of
the p-tolyl signals are observed rather than a distinct interme-
diate. In the "*Cd NMR spectra, the Sgtreated mixtures show
complete consumption of starting [Cd(p-tolS),]>~ complex and
formation of several species consistent with cadmium polysulfide
complexes with multiple sulfur nuclearities (Fig. S26t). The
addition of Cd(OTf), to mixtures of [Et,N][1"¢] and S; also forms
similar mixtures to those observed with Zn(OTf),, further high-
lighting the similarities in thiolate oxidation and sulfur reduction
behavior between the two metals.

The formation of the zinc polysulfide complexes [5™°]*~ and
[6]>~ by addition of Sg is reversible. A CD5CN solution of [4"]*~
was treated with Sg (4 S atom equiv.), followed by PPh; (4 equiv.).
The "H NMR spectrum before PPh; addition displayed the ex-
pected resonances corresponding to [5™]*~ and 3™¢, After the
addition of PPh;, the spectrum showed only resonances corre-
sponding to [4M°]*~ and triphenylphosphine sulfide (Fig. S427).

Addition of Sg (4 S atom equiv.) to tetra(benzenethiolato)
zincate anions with other para substituents ([4%]*", R = F, Cl,
CF;) in CD;CN forms mixtures whose "H NMR spectra are also
consistent with equilibria between [4%]*~, [6]>", and the corre-
sponding diaryl disulfide, 3%, Decreases in both conversion of
[4%]*~ and formation of 3" were observed with more electron-
withdrawing substituents, where treatment of [4°**]*~ with Sg
resulted in no 3° formation at all (Fig. $29-$311). No addi-
tional peaks corresponding to [5%]*~ could be identified after
treating [4“'P*~ or [4“*]*~ with Sg;. However, cooling these
solutions to —20 °C reveals mixtures of several aromatic signals,
in which [5%]*~ may be included.

To deconvolute ligand binding stability from redox reactions
with elemental sulfur, the exchange of anionic ligands
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coordinated to Zn>* (Scheme 2, upper arrow) was studied. A
CD;CN solution of [4"]>~ was treated with increasing amounts
of [TBA],[Se] (0.50-1.50 equiv.). "H NMR spectroscopy of the
mixture shows the formation of [5™€]7, [6]>", and [2™¢] ", along
with higher order polysulfanide anions. These spectra are
consistent with displacement of [1™¢]~ from [4"°]*~ by S¢>~ at
Zn**. The resulting S¢>~ chelate can dissociate to extrude “S°”
equivalents in the form of Sg to generate the distribution of
other chelating S,>~ chain lengths (x = 4-6). The [1™¢]” in
solution then adds to the released Sg to form the disulfanide
anion [2¥¢]” and higher order polysulfanide species. Consistent
with Scheme 2, no disulfide 3™ or free thiolate [1™¢]™ are
observed by 'H NMR spectroscopy. Unfortunately, we were
unable to calculate accurate equilibrium constants for these
processes due to some Sg precipitation in these mixtures.
Reaction mixtures of the thiolate/polysulfanide anions with
other d-block metal salts are more complicated. Treatment of
a CD;CN mixture of [Et,N][1™] and Sg (1 S atom equiv.) with
Sc(OTf); (>0.3 equiv.) causes the solution to become colorless
and to precipitate a white solid material. The solution "H NMR
spectrum shows a distribution of (p-tolS),S, (x = 2). We assign
the insoluble solid as a scandium polysulfide species, leaving
a stoichiometric excess of sulfur in solution that can insert into
the S-S bonds of 3¢, forming the distribution we observe by
NMR spectroscopy. However, PXRD of the solid is not consistent
with reported patterns of Sc,S;. Similar results were obtained
with redox-active metal cations—addition of 1 equiv. of (CH3-
CN),CuPFy or AgOTf to the same polysulfanide mixture in
CD;CN results in immediate solution color change from dark
green to colorless and rapid precipitation of brown and black
insoluble materials, respectively. Again, '"H NMR spectra of the
colorless filtrates shows a distribution of (p-tolS),S, (x = 2).
PXRD analysis of the Ag" precipitate matches those of Ag,S;
however, the PXRD pattern of the precipitate from the Cu"
reaction mixture could not be assigned to a reported
compound. In all cases, we propose the oxidation of [1™]” to
3M¢ and precipitation of an insoluble metal sulfide or poly-
sulfide product through strong covalent metal-sulfur interac-
tions and Sg reduction to S*>~. The identification of relevant
intermediates and of the final insoluble precipitate is ongoing.

Metal cation effects on electrochemical potentials of sulfur
reduction and thiolate oxidation

The effect of electrolyte cations on the electrochemical reduc-
tion of Sg has been previously studied in the context of Li-S and
Mg-S batteries.'®**** Lu and co-workers reported that larger
monocations impart greater stabilization on polysulfide anions
in DMSO due to weaker cation solvation energies. Stronger
solvent-cation interactions and weaker cation-polysulfide
interactions for the smaller cations results in polysulfide elec-
trochemical oxidation potentials increasing from Rb* > K" > Na"
> Li' ~TBA".*® Spectroelectrochemical measurements per-
formed by Bieker and co-workers showed that the reduction of
Sg in Mg”*-containing electrolytes forms less soluble polysulfide
species compared to Li‘-containing electrolytes, indicating
stronger binding of the cations to the polysulfide anions.****

© 2024 The Author(s). Published by the Royal Society of Chemistry
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From these examples, it is clear that metal-sulfur interactions
in solution can affect the electrochemical potentials or ther-
modynamic stabilities of their redox transformations.

The cyclic voltammograms (CVs) of a saturated solution of Sg
(ca. 0.1 mM) in CH3CN with different electrolytes [TBAPFs,
MOTf (M" = Li*, Na*, K'), 0.1 M] show two reductive events
between —1 and —2 V vs. Fc'/Fc, as expected (Fig. S731). These
reduction events have been previously assigned to Sg reduction
and formation of polysulfide anions (Sg>~, S4>~, eqn (3) and (4)).
In contrast to the reported CVs of Sg reduction in DMSO (see
above),' the first reduction wave is largely unaffected by mon-
ocation size. We attribute this difference to weaker solvation by
CH;CN compared to DMSO on metal cations, as measured by
Gutmann donor number (14.1 vs. 29.8 for CH;CN and DMSO,
respectively).’ Additionally, the corresponding oxidation of the
polysulfide anions is not observed for the CVs measured in
CH,CN.

Fig. 5A shows the CVs of Sg performed in a mixture of TBAPF,
and M(OTf), (M*" = Mg>", Ca®", 0.01 M) in CH;CN, as the
CH;CN solubilities of these alkaline earth triflate salts are lower
than those of the alkali cations. For these examples, the first
reduction of Sg shifts to more positive potentials with the
different cations added (+0.030 V with Mg**; +0.060 mV with
Ca®" vs. TBA") and for the return oxidation event (+0.166 V with
Mg>"; +0.335 V with Ca®"). The second cathodic wave corre-
sponding to the Sg>7/2S,>~ reduction event is absent with added
Mg(OTf), or Ca(OTf),. This observation is consistent with
spectroelectrochemical studies by Bieker and co-workers in
which Sg>~ in the presence of Mg®* dissolved in CH;CN were
found to disproportionate to shorter-chain polysulfide anions;
computational evidence suggests these smaller polysulfides
coordinate more strongly to Mg>*.*

Fig. 5A also shows the CV of Sg with added Zn(OTf),; when
scanning to more negative potentials beyond the first Sg
reduction event, a steep negative current is observed (Fig. S767).
Furthermore, the return oxidation is not observed, and subse-
quent cycles do not show the Sg reduction event while the large
negative current persists. We tentatively assign this process to
catalytic reduction of Sg>~ to form [6]>~ in the presence of Zn*",
though we are unsure of the mechanistic details of this system.
In comparison, the voltammogram of isolated [6]*>~ is much
more defined, but with onset potentials that match those of the
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Sg and Zn** salt mixture (Fig. S7271). Interestingly, we observe
a group of oxidation events with one broad re-reduction, which
we attribute to multiple possible zinc-bound polysulfide chain
lengths, as reported in literature. A similar CV is observed when
Cd(OTf), is added to Sg (Fig. S75%).

Next, the electrolyte effect on 3M° reduction and [1™¢]” oxida-
tion was studied. CVs of [Et,N][1™¢] with different electrolytes
(TBAPF,, LiOTf, NaOTf, and KOTf) show a large peak separation
between the thiolate oxidation wave and the related reduction
event (AE,, ~ 1.3 V for TBA"). The oxidation of the benzenethiolate
anion and reduction of diaryl disulfide compounds have been
previously shown to proceed by ECE mechanisms (eqn (6)-(8)).*

p-tolST — p-tolS* + e~ (6)
p-tolS” + p-tolS™ = (p-tol)»S,"~ (7)
(p-tol)Sy"™ = (p-toly)S, + €~ (8)

From these assignments, the oxidation wave in the CV
corresponds to thiolate oxidation to the thiyl radical, and the
reduction event corresponds to disulfide reduction to the cor-
responding disulfide radical anion. The CVs conducted in
electrolytes with alkali metal triflate salts (M" =Li", Na", and K")
are all similar to the CV measured with TBAPF, as the electro-
lyte. While this comparison is made qualitatively by comparing
the onset potentials of oxidation and reduction, a more quan-
titative study of these potentials via scan rate dependence
measurements also yielded minimal differences.*

In contrast, CVs of [Et,N][1™¢] measured in electrolyte solu-
tions of the triflate salts of dicationic metals (Mg?*, Ca®>") show
oxidation waves that are shifted to much more positive poten-
tials, with a broadened reduction wave (Fig. 5B). The CV per-
formed in Mg(OTf), electrolyte also shows multiple oxidation
waves. We attribute these additional oxidation events to the
formation of different magnesium and calcium thiolate
complexes that shift the oxidation potential of the thiolate
sulfur center to more positive potentials. Similar, albeit less
well-defined, positive shifts in oxidation features are observed
with CVs of [1™€]” in the presence of Zn>" (Fig. 5B), Cd*", and
Sc**, corresponding to formation of more complex mixtures of
metal thiolate species under these conditions.

Saturated S, in CH,CN B 5 mM [E4N][p-tolS] in CH,CN c 0.1 M NaOTfin CH,CN
0.1 M TBAPF,
0.1 M TBAPF, $ 0.01 M Mg(OTf),
+0.09 M TBAPFg
5mM [EtN][pt01S]
< 0.01 M Mg(OTf), < NS oo1mcao, | < +1/8 equiv S
- l“:a wA —— +009MTBAPF, = N - -4 ~000M TBAPF, | =
S 5 P—— Ll & § —
5 0.01 M Ca(oTn, o - E B
5 o +0.09 MTBAPF, 5 5 //77.«—" SmM [EtN)[p-tolS]
[&] ’ o 0.01 M Zn(OTH), (& S /
0.01 M Zn(OTf), 100 pA 1 -, +0.09 M TBAPF, = s/
50 uA - — +0.09 M TBAPF, sat S,
40 pA l
L L A L . L L L L L L L L L ) L
-2 -1 0 1 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1
a +0. P ial (V E +0 . +0
Potential (V vs. Fc ) otential (V vs. Fc ) Potential (V vs. Fc' )

Fig. 5 (A) CVs of saturated solutions of Sgin CH3CN (ca. 0.1 mM) in the presence of M(OTf), salts. (B) CVs of [EtsNI[1M€] (5 mM) in CH3CN with
different electrolytes. (C) CVs of Sg (ca. 0.1 mM), [EtsNI[1M®] (5 mM), and [EtsNI[1M®] (5 mM) + Sg (1 S atom equiv.) in CH3CN. All cyclic vol-

tammograms were obtained under inert atmosphere with a glassy carbon working electrode, Ag

electrode at a scan rate of 0.1V s %,
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CVs of [1™¢]™ + Sg (1 equiv. S) with 0.1 M MOTf (M" = Li*, Na*,
and K') in CH;CN show features that resemble combinations of
the disparate solution components ([1%€]” and Sg separately)
with additional features that we assign to [2¢]” or to other
polysulfanide anions (Fig. 5C). New oxidation events are
observed at less positive potentials than that of thiolate oxida-
tion or reduced sulfur re-oxidation, and the reduction waves
from 3™ and S, broaden significantly. CVs of the same mixture
in 0.1 M LiOTf taken before and after addition of 0.01 M
Mg(OTf), result in disappearance of the thiolate oxidation wave
over successive scans, as well as the positive shifts in Sg
reduction described with Mg®* above, demonstrating the much
stronger metal-sulfur interactions of Mg>" over Li* in solution
despite much lower relative concentration.

Comparison of structures and interaction energies

Based on the hypothesis that the solution-phase stabilization of
metal thiolate and metal polysulfide species dictate these reaction
equilibria, we compared the structures of previously reported
metal benzenethiolate and metal polysulfide complexes.
Numerous transition metal polysulfide complexes have been
synthesized and structurally characterized,"*® including several
examples of zinc polysulfide structures of different polysulfide
chain lengths supported by nitrogen donor ancillary ligands (e.g.
Fig. 6A, 9)*'***** or homoleptic bis(polysulfido)zincate anions
(Fig. 6A, [6,]> and [65]°7).”>*® For the other cations, despite the
widespread interest in lithium polysulfide species that are
components of Li-S batteries, there are few examples of
structurally-characterized lithium polysulfide complexes. One rare
example is a hexasulfide-bridged dilithium complex supported by
N,N-tetramethylenediamine (TMEDA) ancillary ligands (Fig. 64,
7).* In contrast, there are no crystallographically-characterized
examples of magnesium or calcium polysulfide complexes that
display metal-sulfur bonds, although examples of magnesium
polysulfide salts in which the Mg”* ion is coordinatively saturated
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clusters with bridging thiolate ligands that include bimetallic,
cubane-like, and adamantane-like motifs. Fig. 6B shows exam-
ples of terminally-bound benzenethiolate complexes of the
same series of metal ions studied above. These structures
include neutral pyridine-supported benzenethiolate complexes
of Li* and Mg>* (11 and 12, respectively),*”** TMEDA-supported
di(benzenethiolato)zinc and cadmium complexes (14 for M =
Zn>"),** and tetra(benzenethiolato)metallate anions of Zn>*
and Cd*" ([4"]*" and 16>, respectively).*

DFT calculations were used to compare the metal-sulfur
interaction energies within these compounds and to distin-
guish covalent from electrostatic contributions to these ener-
gies. The compounds studied here were the crystallographically
characterized polysulfide and benzenthiolate complexes of Li',
Zn**, and Cd** (Fig. 6A and B), and the Mg”" congeners of
tetrahedral TMEDA-supported polysulfide and benzenethiolate
complexes (8* and 13*, Fig. 6A and B), which have not been
isolated. For these calculations, the benzenethiolate variants of
11 and 14 were used in place of the structurally characterized 2-
methylthiolate and 4-amino-benzenthiolate complexes, respec-
tively. These calculations follow a previously reported procedure
used to study first-row transition metal thiolate interactions in
tris(pyrazolyl)borate-supported metal thiolate complexes.***>
First, the interaction energy E;,. was calculated between the
polysulfide or benzenethiolate fragments and the remaining
metal complex fragment using the B3LYP functional with
a counterpoise correction to account for the basis set superpo-
sition error (BSSE, see ESIT). This interaction energy was then
divided into two components (eqn (9)) where E.,, is the covalent
or orbital interaction energy, and Ej,ni is the electrostatic
interaction energy. Ejonic Was estimated as a sum of the elec-
trostatic interactions (eqn (10)) between the charges of the
atoms of each fragment from Natural Population Analysis
(NPA).

. . Eint = Ecov + Eionic [9)
by neutral donor ligands and the polysulfide species acts as an NPA NPA
3 1 20,36 . .
outer §phere counteranion .ha.we been 1§olated. . Eionic = Z § :qu 1) (atomic units) (10)
Thiolate complexes exhibit many different structural motifs, aeMLbex  Tab
including terminally-bound thiolate moieties and multimetallic
A Metal Polysulfides B Benzenethiolato Metal Complexes C
: S
e 500 f [M]SPh Ma?* MIS,
5/5/5 Me; mez pv\ Py = 468 A >
MeoNeLid LI~ N Li” SPh 5 Li® Zn**
o™ Grerts O AN . L
e Me, pY” L Py ® -300
Me; Ve SPh 50/ m Ecov
7 M = Mg (8)°, Zn (9) 1 12 > 200 7
g Mg2* zn?* v 5
3 1z s 2 Phs N2 Phs o 12 (G -100} L =
SO\ .S-s S8 8,88 M) \ .SPh
S vs-$ g-8 g MTSTES /N /" sph cd?
s PhS  Me, Phs 0 | = ===
641 M = Zn ([6g]%). Cd ((10]" M = Mg (13)° M = Zn ([4"2), Cd (16] . . . . o
[6a] ([8g]%). Cd ([10]) (14), Cd (15) ([47F), cd ((16]) \\. RS \b.\?& Q: Ag o ¥ § Qn,
& NAN

Fig.6 Selected examples of structurally characterized* (A) metal polysulfide and (B) terminal metal benzenethiolate complexes. (C) Comparison
of Ecov and Eionic interaction energies for selected polysulfide and benzenethiolate complexes calculated by DFT. *Mg complexes 8 and 13 have
not been structurally characterized and calculations are of optimized DFT structures. **DFT calculations were performed on the analogue of 11

with an unsubstituted benzenethiolate ligand.
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Fig. 6C plots these interaction energies for the polysulfide and
benzenethiolate complexes shown in Fig. 6A and B. For all
complexes studied, the interaction energies for the metal poly-
sulfide complexes are more negative than those of the same
benzenethiolate complexes. While some of this difference is
due to the greater negative charge of polysulfide dianions
compared to monoanionic thiolate moieties, the polysulfide
complexes also exhibit greater covalent contributions to the
interaction energies. The covalent contributions also signifi-
cantly increase from Li* to Mg>" to Zn>" and Cd*". In fact, for the
dianionic bis(polysulfido)zinc or bis(polysulfido)cadmium
complexes, the interaction energies show a destabilizing posi-
tive ionic energetic contribution due to the negatively charged
complex. In these cases, the covalent contribution result in the
observed net stability of the dianionic complexes.

Discussion

Scheme 3 shows the relevant equilibria for the species in
exchange in solution. In the absence of a metal ion that can be
coordinated by sulfur donors (i.e. with Et,N" or similar coun-
tercations), the reduced sulfur species follow the equilibria
shown in the first row of the scheme. Addition of Sg to a thiolate
anion forms a distribution of thiolate, disulfanide, and higher
order polysulfanide ions. Excess Sg converts this assortment to
a mixture of the corresponding organic disulfide and poly-
sulfide anions, here shown as S;*~ but likely existing as
a distribution of polysulfide nuclearities.

The results above show that the addition of different metal
ions can shift these equilibria due to stabilizing effects of the
metal-sulfur interactions. The "H NMR data and the electronic
absorption spectra indicate that the alkali metals (Li*, Na", and
K') do not shift these equilibria significantly. In contrast, the
alkaline earth metals (Mg”* and Ca®") and the group 12 transi-
tion metals (Zn>" and Cd**) greatly favor formation metal pol-
ysulfide species over metal polysulfanide compounds. These
observations suggest that while aryldisulfanide anions can be
stabilized with respect to the corresponding thiolate anions and
due to delocalization of the negative charge across the sulfur
atoms and onto the aromatic ring,® these energetic factors are
outweighed by stronger metal-sulfur interactions in the metal

thiolate polysulfanide organic disulfide
+ polysulfide
_ YgSs -
RS =—— RSS; RSSR + */3 S5~
M
{ 1 “ QN -RSSR
[V]I—SR [V]—S,SR [(M(Sx)]
metal metal metal
thiolate polysulfanide polysulfide

Scheme 3 Reduced sulfur species (thiolates, polysulfanides, and
polysulfides) dynamically exchange in solution, with equilibria driven
by metal coordination and added sulfur content.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thiolate and metal polysulfide complexes in comparison with
the metal polysulfanide complexes for the dicationic metal ions.

We originally considered the possibility that these metal-
sulfur interactions shift the redox potentials of the sulfur
centers of the corresponding species. As shown above, the alkali
metal ions do not significantly shift the reduction potentials of
Ss or the oxidation potential of the substituted benzenethiolate
anions. However, the addition of the alkali earth metal ions
Mg>" and Ca”" as well as Zn>* and Cd*" result in a more positive
potential of benzenethiolate oxidation due to stronger metal-
thiolate interactions. As the relevant half-reactions for thiolate
oxidation (eqn (6)—(8)) would be expected to couple with Sg
reduction during this process, these results would be expected
to disfavor reduction of elemental sulfur by metal thiolates from
an electrochemical standpoint. As such, the electrochemical
data show metal-ion-induced shifting of the redox potentials of
sulfur-centered oxidation or reduction is not the primary factor
that dictates the final speciation of the reduced sulfur species.

Scheme 4 shows the thermodynamic square scheme of the
relevant exchanging species, while disregarding the poly-
sulfanide complexes. In this scheme, the reaction described by
K; shows the exchange between metal thiolate and metal poly-
sulfide complexes. As discussed above, this equilibrium lies
further to the left for the alkali metal ions or when the counter-
cation cannot be coordinated by sulfur.

The equilibrium constant K; is related to the free energy term
AG;, which could therefore be expressed as a sum of free energy
terms derived from E, K,, and E, . E; and E, do not change upon
variation of the metal ion. As such, the differences in behavior
between the alkali metals, the alkali earth metal ions, and Zn** or
Cd?*" are related to K,, which compares the relative stabilities of the
metal thiolate complexes to the metal polysulfide species. We note
that this reaction equation does not take into account entropic
effects or rearrangement of the relevant species into multimetallic
ions, complexes, or clusters. Based upon both experimental results
and upon computation, this equilibrium process is nearly ther-
moneutral for the alkali metals, but lies further toward the right
for Cd*>" and Zn*", likely due to increased covalency.

In attempts to recognize trends in the effects of metal cations
on reduced sulfur speciation and to quantitively correlate metal-
sulfur interactions, we note that these Lewis acidic metal cations
have been demonstrated to modulate transition metal redox
potentials or electron transfer rates.** In these studies, the
effects of these metal ions has been correlated primarily to the
Lewis acidity of the metal ions, often reported as the pkK, of the
corresponding metal aqua complex in water. From our studies,

[M]—SR+x S

e

[VM]—SR + S,?

[M]Sy + 0.5 RSSR

e

[V]Sx + "SR

N
_—

Scheme 4 Thermodynamic square scheme of metal thiolate species
treated with zerovalent sulfur to form metal polysulfide species.
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RSS equilibria appear to be more complicated and do not
correlate as readily to metal ion Lewis acidity (Fig. S40t), and may
be better understood in terms of metal “thiophilicity.”*®

These results provide salient considerations in future metal-
sulfur studies in the context of energy storage applications.
Although many efforts in recent years have been applied toward
the Mg-S battery,””*° it should be clear that strategies toward
mitigating polysulfide ions in these systems should be consid-
ered separately from existing Li-S battery sulfur sequestration
methods. In short, although Mg®" and Li" are often related due
to the diagonal relationship of similar charge density and other
electronic properties,**~* their relative degrees of covalency with
sulfur and resulting influence on sulfur redox chemistry are
demonstrably distinct. Such considerations should also be
made in the development of batteries with other metals,
including zinc-based batteries.>>¢

Conclusions

We have demonstrated that metal ions perturb the equilibria
between sulfur species in solution. Broadly speaking, more
charged metal ions favor sulfur-centered redox reactions; the
benzenethiolate moieties reduce Sg to form the corresponding
metal polysulfide complexes and organic disulfides. This reaction
appears to be driven by stronger metal-sulfur interactions rather
than by metal-induced perturbation of the sulfur or thiolate elec-
trochemical potentials, with significant contribution from metal-
sulfur covalency. For alkali metal ions or for non-coordinating
countercations, “S°” from elemental sulfur appears to act as
a better stabilizing Lewis acid compared to the countercation,
therefore favoring S-S catenation and the formation of poly-
sulfanide anions instead of sulfur redox. These results stress the
need for understanding the differences in solution metal-sulfur
interactions when comparing alkali, alkaline earth, and transition
metal cations in fields such as sulfur-based energy storage.
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